JOURNAL OF ENVIRONMENTAL SCIENCES 135 (2024) 108-117 


ee = 


ELSEVIER 


Available online at www.sciencedirect.com 


JES 


ScienceDirect JOURNAL OF 


ENVIRONMENTAL 
SCIENCES 


www.elsevier.com/locate/jes www.jesc.ac.cn 


Research Article 


Development of MoS>,-stainless steel catalyst by 3D 
printing for efficient destruction of organics via 
peroxymonosulfate activation 


Yufeng Liu’, Jianhui Xu**, Xin Fu’, Pengxu Wang’, Dan Li’, 
Yunfei Zhang‘, Shenggui Chen***, Chunhui Zhang’, Peng Liu‘ 


1 School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan 523808, China 
2 School of Art and Design, Guangzhou Panyu Polytechnic, Guangzhou 511483, China 
3 Dongguan Institute of Science and Technology Innovation, Dongguan University of Technology, Dongguan 523808, 


China 


* School of Mechanical Engineering, Dongguan University of Technology, Dongguan 523808, China 


ARTICLE INFO 


ABSTRACT 


Article history: 

Received 5 December 2022 
Revised 14 January 2023 
Accepted 17 January 2023 
Available online 25 January 2023 


Keywords: 

3D printing 

Stainless steel 

MoS») 

Peroxymonosulfate activation 
Degradation mechanism 


Herein, a novel MoS»-stainless steel composite material was first synthetized via a 3D print- 
ing method (3DP MoS,-SS) for peroxymonosulfate (PMS) activation and organics degra- 
dation. Compared with MoS»-SS powder/PMS system (0.37 g/(m?/min)), 4.3-fold higher 
keto/Sger value was obtained in 3DP MoS,-SS/PMS system (1.60 g/(m*/min), resulting from 
the superior utilization of active sites. We observed that 3DP MoS,-SS significantly outper- 
formed the 3DP SS due to the enhanced electron transfer rate and increased active sites. 
Moreover, Mo** facilitated the Fe*+/Fe*+ cycle, resulting in the rapid degradation of florfeni- 
col (FLO). Quenching experiments and electron paramagnetic resonance spectra indicated 
that eOH, SO4e-, O2e- and 10, were involved in the degradation of FLO. The effect of in- 
fluencing factors on the degradation of FLO were evaluated, and the optimized degradation 
efficiency of 98.69% was achieved at 1 mM PMS and pH of 3.0. Six degradation products 
were detected by UPLC/MS analyses and several possible degradation pathways were pro- 
posed to be the cleavage of C-N bonds, dechlorination, hydrolysis, defluorination and hy- 
droxylation. In addition, 3DP MoS,-SS/PMS system also demonstrated superior degradation 
performance for 2-chlorophenol, acetaminophen, ibuprofen and carbamazepine. This study 
provided deep insights into the MoS,-SS catalyst prepared by 3DP technology for PMS acti- 

vation and FLO-polluted water treatment. 
© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 
Sciences. Published by Elsevier B.V. 
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Introduction 


Recently, advanced oxidation processes (AOPs) based on per- 
oxymonosulfate (PMS) activation attracted considerable eye- 
sight for the green remediation of organic contaminants in 
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wastewater (Chu et al., 2021; Ding et al., 2020). The activation 
of PMS could be achieved by alkaline, heat, ultraviolet, ultra- 
sonic and electrochemical method (Gao et al., 2022; Son et al., 
2021). However, these methods were restricted for practical 
application by high energy consumption and low activated ef- 
ficiency. Compared with other methods, Fe-based transition 
metals materials were supposed to be the excellent approach 
for PMS activation due to its high efficiency, low cost and en- 
vironmental friendliness (Huang et al., 2019; Zhou et al., 2018). 
For example, Cao et al. (2019) indicated that zero-valent iron 
(ZVI) activated PMS for efficient degradation of tetracycline 
with a high degradation efficiency of 88.5% in 5 min. Never- 
theless, the formation of iron oxide and hydroxide on the sur- 
face resulting from the corrosion of iron would extremely de- 
crease its feasibility and applicability (Pang et al., 2019). Al- 
though a number of strategies such as pretreatment methods, 
physical and chemical technology were applied to enhance 
the reactivity of Fe-based catalyst, the complex preparation 
procedure, expensive price and specific application environ- 
ment significantly limited for further application (Huo et al., 
2020; Zhang et al., 2022b). Therefore, to develop an efficient, 
stable and cheap Fe-based catalyst was of great urgency. 

Stainless steel (SS) was widely applied for scaled-up ap- 
plications in various fields due to its superior corrosion resis- 
tance, abrasion resistance and mechanical stability (Bahmani- 
Oskooee et al., 2017; Zhang et al., 2019a). More importantly, 
it was composed of abundant metal elements, especially Fe, 
Cr, Mn and etc. Previous studies indicated that multimetal- 
lic catalysts would accelerate PMS activation and organics 
degradation due to the enhanced adsorption performance and 
electron-transfer capability (Fu et al., 2015; Wang et al., 2022a; 
Zhou et al., 2016). Thus, SS shows great potential to be an 
excellent catalyst owing to the above advantages. However, 
SS exhibits relatively insufficient active sites for catalytic re- 
action (Yao et al., 2020). The strategy to regulate electronic 
structure and increase the active sites of SS were desirable. As 
a transitions-mental dichalcogenides, MoS, was extensively 
used in photocatalytic and electrocatalytic fields owing to the 
abundant active sites, large specific surface area and fast elec- 
tron transfer (Chen et al., 2022; Liang et al., 2021; Shi et al., 
2017; Yang et al., 2021a). Zhang et al. (2019b) demonstrated 
that the loading of MoS, on SS exhibited superior HER activity 
and stability relative to commercial carbon cloth. Besides that, 
the exposed Mo sites on the catalyst surface were reported 
to significantly facilitate the cycle of Fe*+/Fe?+ electron pair 
(Yi et al., 2019). Thus, the introduction of MoS, might be an 
effective strategy to increase the active sites and improve the 
catalytic performance of SS for PMS activation toward organ- 
ics degradation. 

Most of the powder catalysts for PMS activation suffered 
from the shortcomings of difficult recovery and secondary pol- 
lution (Zhang et al., 2022a). In addition, Nano and micron-scale 
powder catalysts would immediately agglomerate once it was 
placed in the reaction solution, which prevented the contact 
between powder catalyst and organics and resulted in the low 
degradation efficiency of organics (Wang et al., 2022a). There- 
fore, it was desirable to develop a catalyst with high efficiency, 
low cost and easy recovery. 3D printing (3DP) method was an 
emerging approach to fabricate the catalyst, which could min- 
imize the consumption of raw materials and reduce the prepa- 


ration steps (Lee et al., 2017; Sullivan et al., 2021; Yang et al., 
2023). Compared with conventional fabrication procedure, cat- 
alysts manufactured by 3DP method demonstrated excellent 
reusability and easy recovery (Yang et al., 2021b). Our previ- 
ous study also indicated that 3DP MoS,/Ni cathode possessed 
excellent dechlorination of florfenicol and long-term stabil- 
ity compared with that prepared by the hydrothermal method 
(Xu et al., 2022b). Most especially, 3DP also could regulate the 
shape, size through a simple computer model. Li et al. reported 
a highly ordered Ti-based boron-doped diamond (BDD) elec- 
trode synthesized by 3D printing method could provide more 
reaction active sites and achieve superior degradation of or- 
ganics relative to 2D BDD electrode (Li et al., 2021b). Therefore, 
it is a promising strategy to manufacture catalyst by 3DP tech- 
nology. To the best of our knowledge, the MoS,-SS composite 
catalyst manufactured via 3D printing method have not re- 
ported and the efficiency by MoS)-SS catalyst for PMS activa- 
tion and organics degradation remain unclear. Furthermore, 
a detailed understanding on the comparison between pow- 
der catalyst and massive catalyst synthesized by 3DP method 
for PMS activation and organics degradation are insufficient. 
The research on the aspects was needed and clarifying the in- 
volved mechanisms would broaden the practical application 
prospects of 3D printing technology for the catalyst fabrica- 
tion and wastewater treatment. 

Herein, we rationally designed a novel MoS,-stainless steel 
composite material via a 3D printing method (3DP MoS,-SS), 
and employed for PMS activation and organics degradation. 
The microstructure and electron transfer capability of 3DP 
MoS,-SS were characterized systematically. Florfenicol was 
selected as the target organics, which was deemed as one of 
the most widely used veterinary antibiotics in China (Ma et al., 
2021). We compared the degradation efficiency of FLO in 3DP 
MoS»-SS/PMS and MoS,-SS powder/PMS systems. Quench- 
ing experiments, electron paramagnetic resonance (EPR) mea- 
surement and amperometric current-time curve were con- 
ducted to explore the mechanism of PMS activation by 3DP 
MoS,-SS. The influencing factors (the doping content of MoS,, 
PMS dosage and initial pH) for the FLO degradation were 
evaluated, and the possible degradation pathways were pro- 
posed based on the identification of degradation products 
by ultraperformance liquid chromatography/mass spectrom- 
etry (UPLC/MS) analysis. The variation of total organic carbon 
(TOC), aqueous inorganic anion (Cl-, F~) during the degrada- 
tion of FLO were investigated. In addition, we also evaluated 
the recycle experiments for the degradation of FLO by 3DP 
MoS)-SS. This study could provide novel insights into the ra- 
tional design of MoS,-SS catalyst through 3D printing technol- 
ogy for PMS activation toward organics degradation. 


1. Materials 
1.1. Chemical 


Pristine SS powder (30-50 pm, 99%,) that customized for 3D 
printing technology were purchased from Avimetal Powder 
Metallurgy Technology Co., Ltd. (Beijing, China). MoS, pow- 
der (99.5%, < 2 jam), florfenicol (FLO, 98%), peroxymonosulfate 
(PMS, 2KHSOs ¢ KHSO, « K2SOq), acetaminophen (ACT, > 98%), 
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tert-butyl alcohol (TBA, 99.5%), methanol (MeOH, > 99.9%), 
L-histidine (99%) and 4-hydroxy-2,2,6,6-tetramethylpiperidine 
(TEMP, > 97%) were purchased from Aladdin Chemical 
Reagent Co., Ltd. (Shanghai, China). Ibuprofen (IBP, > 98%), 
2-chlorophenol (2-CP, 99%), 1,4-benzoquinone (BQ, 99%), 5,5- 
dimethyl-1-pyrroline-noxide (DMPO, > 99%), carbamazepine 
(CBZ, 99%) were purchased from Macklin Chemical Reagent 
Co., Ltd. (Shanghai, China). 


1.2. Fabrication of 3DP SS and 3DP MoS2-SS 


The overall fabrication processes of the 3DP SS and 3DP MoS,- 
SS by 3D printing technology were based on our previous work 
(Xu et al., 2022b) and the detailed schematic illustration was 
presented in Appendix A Fig. S1. Briefly, the mixed MoS)- 
SS powders with different mass ratios (0%, 3%, 5%, 8%, 10%) 
were mechanically synthesized by a planetary ball milling 
(QM-3SPOP4, NanDa Instrument Plant, China). The milling 
time and rotation speed were set as 3 hr and 400 r/min, re- 
spectively. The mixed powders after ball milling would be fil- 
tered through 200 mesh screen. Subsequently, 3DP SS and 3DP 
MoS,-SS catalysts could be obtained after the 3D printing pro- 
cess. 


1.3. Experimental procedure 


The degradation experiments of FLO were conducted on a 
beaker. The 3DP MoS,-SS catalyst was fixed on a mechan- 
ical agitator with a rotation speed of 500 r/min. The ini- 
tial pH value was regulated by 50 mmol/L NaOH and H2SO,4 
solution. Quenching experiments using different quenching 
agents were exhibited to investigate the role of radical oxygen 
species (ROS) on the degradation of FLO. At certain time inter- 
vals, 1 mL sample solution was collected from the beaker and 
filtered through a 0.22 ym polyether sulfone membrane for the 
analysis of FLO concentration. Influencing factors such as ini- 
tial PMS concentration (0-1.5 mmol/L), initial pH value (3.1-9.0) 
on the effect of degradation performance were optimized. In 
addition, we evaluated the degradation performance of var- 
ious organic pollutants such as 2-CP, CBZ, IBP and ACT. The 
solution volume, initial organics concentration and reaction 
temperature were set as 100 mL, 10 mg/L and 25°C, respec- 
tively. 


1.4. Analytical methods 


The high performance liquid chromatography (HPLC, LC- 
16, Shimadzu, Japan) was used for the analysis of organic 
compounds, and the detailed parameters were listed in Ap- 
pendix A Table S1). The degradation products of FLO were 
analyzed by UPLC/MS, and the details were present in our 
previous work (Xu et al., 2022a). TOC concentration, aqueous 
inorganic anion (Cl, F~) were determined by TOC analyzer 
(Elementar, Germany), ion chromatography (Dionex ICS-5000, 
Thermo Fisher Scientific, UK) with an electron capture detec- 
tor, respectively. 

The microstructure and crystalline structure of 3DP MoS)- 
SS were characterized by scanning electron microscop (SEM, 
Hitachi SU-5000+ Oxford Instruments Ultim Max, Hitachi 
Ltd., Chiyoda-ku, Japan) and X-ray diffraction (XRD, Rigaku 


Ultima IV, Rigaku Co., Japan), respectively. X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific K-Alpha, Thermo Fisher 
Scientific, UK) was employed to investigated the elemental 
composition and electron structure of 3DP MoS,-SS. Am- 
perometric current-time curves was conducted to indicate 
the mechanism of PMS activation by 3DP MoS)-SS, and 3DP 
MoS,-SS, SS sheet and Ag/AgCl electrode were selected as the 
working electrode, counter electrode and reference electrode, 
respectively. 


2. Results and discussion 
2.1. The characterization of 3DP MoS2-SS 


The MoS,-SS composite material was first synthesized by 3D 
printing method and the corresponding digital photographs 
were shown in Appendix A Fig. S2. The microstructure and 
morphology of 3DP MoSj-SS were characterized by SEM (Ap- 
pendix A Fig. S3). As shown in Appendix A Fig. S3a and Ap- 
pendix A Fig. S3b, 3DP MoS,-SS presented a 3D network skele- 
ton structure and rough surface with a number of micropores, 
which was conducive to providing more active sites for cat- 
alytic reaction. Corresponding EDS mapping images indicated 
the homogeneous distribution of Mo, S, Fe, Mn and Cr ele- 
ments on MoS,-SS. The crystalline composition of 3DP MoS)- 
SS was analyzed by XRD spectrum. As shown in Appendix A 
Fig. S4, 3DP MoS,2-SS demonstrates that the main diffraction 
peaks at 43.6, 50.8, 74.7 and 44.7° were assigned to the crys- 
talline planes of (1 1 1), (2 0 0), (2 2 0) for austenite SS phase 
(JCPDS card#33-0397) and (1 1 0) for Fe (JCPDS card#06-0696), 
respectively. Moreover, Noted that there was no obvious crys- 
tal diffraction peak attributed to MoS, was found in the XRD 
spectrum of 3DP MoS,-SS, which might be ascribed to high 
dispersion of MoS» during the 3D printing fabrication process. 
XPS analysis was employed to investigate the elemental com- 
position and chemical state of the 3DP MoS,-SS. As shown in 
Appendix A Fig. S5, the binding energy peaks of Fe, Mn, Cr, 
Mo, S, O and C were found in the XPS spectra of 3DP MoS»- 
SS. The observation of Mo and S elements indicated the suc- 
cessful doping of MoS, on the SS. In the high resolution XPS 
spectra of Fe (Appendix A Fig. S6), the binding energy peaks 
at 707.2, 710.6, 713.8, 724.3 and 727.1 eV were corresponded 
to Fe° 2p3/9, Fe*+ 2p3y9, Fe*+ 2pa/9, Fe*+ 2pyy and Fe** 2py,9, re- 
spectively, while the peaks at 719.6 and 733.0 eV were assigned 
to satellite peaks. The characteristic peaks centered at 229.2, 
232.5 and 235.6 eV in the Mo spectra were attributed to Mo*+ 
3dsj2, Mo** 3d3;. and Mo®t 3d3,9, respectively. 
Electrochemical measure was employed to characterize 
the reactivity of 3DP SS and 3DP MoS,-SS. As shown in Fig. 1a, 
the current response of 3DP MoS,-SS was much higher than 
that of 3DP SS, implying that 3DP MoS,-SS could provide more 
active sites for reaction (Yang et al., 2019). Our previous work 
also confirmed that the introduction of MoS, might greatly 
enhance the reaction active area of Ni substrate (Xu et al., 
2022b). The capacity of electron transfer was evaluated by 
EIS and TPC analyses. In the EIS curves, the semi-diameter 
in the high frequency region represents the electron-transfer 
resistance (Rct) of the catalysts (Li et al., 2021a), and the 
equivalent circuit model for the simulation of the EIS data 
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Fig. 1 - Electrochemical characterization of 3DP SS and 3DP MoS, SS. (a) CV. Experimental condition: 20 mmol/L Naz2SO,4 and 


applied potential ranged of -0.6-0.9 V us. Ag/AgCl. (b) EIS. Experimental condition: amplitude voltage of 5 mV, frequency 
range of 0.01-10° Hz and 20 mmol/L Na2SOx. (c) TPC. Experimental condition: scan rate of 10 mV/sec and 20 mmol/L Na2SOa. 


was presented in Appendix A Fig. S7. As displayed in Fig. 1b, 
the observed Rct in the EIS of 3DP SS and 3DP MoS,-SS were 
23.2 and 15.6 ohm, respectively. Noted that the introduction 
of MoS, on 3DP SS significantly decreased the Rct value, in- 
dicating MoS, could facilitate the electron-transfer rate of SS. 
Moreover, TPC results were consistent with the EIS analysis. 
Fig. 1c demonstrates that higher corrosion current (Icorr) of 
3DP MoS,-SS (0.191 mA) was found relative to 3DP SS (0.0734 
mA). Taken together, the aforementioned results suggested 
the doping of MoS, on SS could significantly increase the 
active sites and electron-transfer rate. 

2.2. Catalytic performance of 3DP MoS2-SS 

2.2.1. Comparison of MoS2-SS powder and 3DP MoS2-SS 
The degradation performance of FLO was investigated to eval- 
uate the catalytic ability of prepared catalysts. As shown in 
Fig. 2a and Appendix A Fig. $8, an inconspicuous amount of 
FLO was removed by MoS,-SS or PMS alone, implying that the 
adsorption of catalysts and self-decomposition of PMS was 
not responsible for FLO degradation. However, the rapid degra- 
dation kinetics of FLO were found once the MoS,-SS catalysts 
and PMS were applied simultaneously, and the degradation ef- 
ficiencies of FLO were 98.89% and 98.69% in 20 min by MoS)- 
SS powder and 3DP MoS,-SS, respectively. The results demon- 
strated that both MoS,-SS powder and 3DP MoS,-SS could ef- 
fectively activate PMS for FLO degradation. To clearly evaluate 
the utilization efficiency of active sites on the MoS2-SS pow- 
der and 3DP MoS,-SS, the normalized krio by specific surface 
area (Sper) were calculated. As shown in Appendix A Fig. S9, 
the Sper of MoS,-SS powder and 3DP MoS,-SS were 0.9111 and 
0.2134 m?/g, respectively. However, the calculated krio/Sper of 
3DP MoS,-SS (1.60 g/(m?/min)) was 4.3-fold than that of MoS»- 
SS powder (0.37 g/(m?/min)) (Fig. 2b). Although MoS,-SS pow- 
der catalyst possessed a larger Sper relative to massive cata- 
lysts, it might occur agglomeration and active sites on the sur- 
face would be covered during the catalytic reaction. This result 
indicated that 3DP MoS,-SS could achieve efficient utilization 
of surface active sites for PMS activation and FLO degradation. 


2.2.2. The optimization of influencing factors 
The degradation efficiencies of FLO by 3DP SS and 3DP MoS,- 
SS were investigated to elucidate the promoting function of 
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Fig. 2 - (a) The degradation performance of FLO by PMS, 
MoS>2-SS powder and 3DP MoS_-SS. (b) krio/Sger of 
MoS,.-SS powder and 3DP MoS,_-SS. Experimental 
condition: 10 mg/L FLO and 1 mM PMS. 
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10 mg/L FLO and 1 mmol/L PMS. 


MoS, doping for PMS activation and FLO degradation. As de- 
picted in Fig. 3a, the degradation efficiencies of FLO were 
8.84%, 27.42%, 72.88%, 82.96% and 98.69% as the MoS, con- 
tent was 0, 3%, 5%, 8% and 10%, respectively. The degradation 
performance of FLO was in accord with the pseudo-first-order 
rate kinetics model, and kg,9 was proportional to the increas- 
ing doping content of MoS, (Fig. 3b). The kero increased from 
0.00382 to 0.20445 min~! as the MoS, content increased from 
0 to 10%. In this case, the variation of PMS concentration was 
measured during the sample periods to explain the important 
role of MoS,. As shown in Fig. 3c, the decomposition of PMS 
by 3DP SS is less than 7% in 20 min, while it reaches 94.48% 
by 3DP MoS,-SS. Since only MoS, could achieve PMS activa- 
tion, but with a low efficiency (35.1%). Overall, the abovemen- 
tioned results indicated that the doping of MoS, on SS facil- 
itated the PMS activation and FLO degradation, which might 
be attributed to the effective utilization of active sites and en- 
hanced interfacial electron transfer rate, as confirmed by CV, 
EIS and TPC analyses (Fig. 1). However, considering that MoS» 
was not a pure metal, it was inevitable that the increasing 
MoS, content on SS might be not conducive to the shaping of 
catalyst during the 3D printing technology. Thus, 10% MoS,-SS 
was selected as a probe catalyst in the following experiments. 

The effect of initial PMS dosage on the degradation perfor- 
mance of FLO by 3DP MoS,-SS were investigated. As illustrated 
in Fig. 3d, the degradation efficiencies of FLO significantly in- 
creased from 1.99% to 98.69% as the PMS concentration raised 
from 0 to 1 mmol/L, due to the increased ROS generation 
during the PMS activation. However, an obvious inhibition in 
the degradation efficiency of FLO was found as PMS concen- 


tration increased to 1.5 mmol/L. This phenomenon could be 
attributed to the competing reaction between PMS and ROSs, 
which was consistent with the previous study (Wang et al., 
2022b; Yu et al., 2021). Thus, the PMS dosage of 1 mmol/L 
was selected for the following experiments. Fig. 3e exhibits 
the effects of initial pH (3.0-9.0) on FLO degradation. We 
observed acidic pH favored the degradation of FLO. It was well 
known that various metal ions (e.g., Fe, Mo) might dissolve 
into the solution at an acidic pH value for PMS activation 
and alkaline pH would result in the passivation (Zhang et al., 
2022a; Zhang et al., 2020). 


2.3. Activation mechanism of PMS by 3DP MoS2-SS 


2.3.1. Identification of ROSs 

Previous studies have declared that reactive radicals (e.g., eOH, 
SO4e” and Oe) could attack organics molecule and achieve 
rapid degradation in PMS-based AOPs (Huang et al., 2021; 
Liet al., 2022). Therefore, quenching tests were investigated to 
clarify the role of reactive radicals in 3DP MoS2-SS/PMS sys- 
tem. As shown in Fig. 4a, the degradation efficiency obviously 
decreased to 16.72%, 10.71% and 29.31% with the addition of 
TBA, MeOH and BQ, respectively. It was well known that TBA, 
MeOH and BQ were considered as the quenching agents for 
eOH, both eOH and SO4e~, and O27, respectively, due to its 
high reactivity between quenching agents and reactive radi- 
cals (Xie et al., 2022). The remarkable inhibition effect of afore- 
mentioned quenching agents on FLO degradation indicated 
that both eOH, SO,e~ and O2°~ involved in the degradation 
process. Furthermore, EPR results were identical with that ob- 
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Fig. 5 - Amperometric current-time curves of 3DP MoS_-SS. 
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tained by quenching experiments (Fig. 4b-c). Both DMPO-eOH 
and DMPO-SO,ge~ adduct signals were observed in the EPR 
spectra and disappeared as the addition of TBA and MeOH. In 
addition, other ROSs such as !O2 might also be generated dur- 
ing the PMS activation process (Fu et al., 2022; Wu et al., 2021). 
The obtained TEMP-10, adduct signals in the EPR spectra con- 
firmed the existence of 10, and the degradation efficiency de- 
creased from 98.69% to 25.97% in the presence of L-histidine 
(as a trapping agent for 10,), indicating that nonradical oxida- 
tion pathway dominated by 10, also participated in the FLO 
degradation. Overall, quenching experiments and EPR analy- 
ses indicated both radical and nonradical oxidation pathway 
were responsible for FLO degradation. 


2.3.2. Electrochemical measurement and XPS analysis 

Electrochemical measurement was applied to explore the 
mechanism of PMS activation by 3DP MoS)-SS. As shown in 
Fig. 5, as the addition of PMS, the significant decrease of the 
current response in the amperometric current-time curve in- 
dicates that the electron transfer occurred between PMS and 
3DP MoS,-SS. 3DP SS also demonstrated similar variations of 
current response like 3DP MoS,-SS. Noted that more remark- 
able increase in the current response was achieved by 3DP 
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Fig. 6 - Schematic diagram of FLO degradation in 3DP 
MoS,2-SS/PMS system. 


MoS,-SS, further implying the doping of MoS, could acceler- 
ate the PMS activation and organics degradation process. 

To elucidate the specific mechanism of PMS activation in 
3DP MoS,-SS/PMS system, the variations of elemental chemi- 
cal state before and after treatment were investigated by XPS 
analyses. As shown in Appendix A Fig. S6a, the character- 
istic peaks of Fe° disappeared after the treatment, indicat- 
ing that surface Fe° on the 3DP MoS,-SS were involved in 
the PMS activation and FLO degradation processes. Previous 
studies demonstrated that Fe° could directly activate PMS to 
generate a great quantity of ROSs for organics degradation 
(Zhang et al., 2022a). It can be found that the intensity of Fe?+ 
decreased from 50.3% to 46.3%, while the intensity of Fe3+ in- 
creased from 28.0% to 30.4% after the catalytic reaction. This 
result suggested that the transformation of Fe species partic- 
ipated in the 3DP MoS,-SS/PMS system (Eqs. (1)-(2)). The XRD 
results before and after treatment also confirmed this conclu- 
sion (Appendix A Fig. $10), the intensity of Fe significantly de- 
creased after the degradation process. In addition, the valent 
state of Mo elements on the 3DP MoS,-SS underwent an obvi- 
ous change, in which the ratio of Mo** to total Mo decreased 
from 90.3% to 75.2% and that of Mo*+ increased from 9.7% 
to 24.8%. Based on our experiments and reported study, the 
role of Mo can be divided into the following two parts (Fig. 6). 
Firstly, the transformation of Mo*+/Mo®* could directly me- 
diate the PMS activation to generate ROSs (Eq. (3)). More im- 
portantly, Mo*+/Mo®*+ could retain the redox properties of Fe, 
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Fig. 7 - The possible degradation pathways of FLO in 3DP MoS2-SS/PMS system. 


in which Mo*+ provided electrons for the cycle of Fe*+/Fe?+ 
(Eq. (4)) and accelerated the PMS activation process (Lu et al., 
2021; Yi et al., 2019). 


Fe2+ + HSO,~ — Fe?+ + OH~ + SOge- (1) 
Fe2+ + HSO,~ > Fe?+ + eOH + SOg2- (2) 
Mo*t + 2HSOs~ > Mo®+ + 2eOH + 2SO4e— (3) 
Mo*+t + 2Fe?+ —» Mo®+ + 2Fe?+ (4) 
2.4. Degradation mechanisms and stability analysis 


The degradation products of FLO in 3DP MoS,-SS/PMS were 
determined by UPLC/MS analysis (Fig. 7). Six degradation prod- 
ucts were detected and three possible degradation pathways 


were proposed as follows: (i) the cleavage of C-N bonds re- 
sulted in the formation of TP247, (ii) dechlorination and then 
hydrolysis, subsequently cleavage of C-N bonds led to the 
formation of TP154, (iii) defluorination and hydroxylation of 
benzene ring to generate TP371. Furthermore, the degrada- 
tion products might undergo effective mineralization to inor- 
ganic small molecule (e.g., CO, H20, Cl, F-, etc.). As shown 
in Fig. 8a, the TOC removal efficiency was 90.2% and the con- 
centrations of Cl” and F~ were 0.73 mg/L and 0.56 mg/L at 
20 min of reaction, respectively, indicating that 3DP MoS)- 
SS/PMS system could achieve effective mineralization of FLO. 
In addition, the recycle performance was an essential fac- 
tor to evaluate the applicability and compatibility of catalyst. 
Thus, the recycle degradation experiments of 3DP MoS)-SS 
and MoS)-SS powder catalyst for FLO degradation were eval- 
uated (Fig. 8b and Appendix A Fig. S11). The degradation ef- 
ficiency of FLO by MoS,-SS powder catalyst significantly de- 
creased from 98.89% to 68.85% after forth cycles, while it was 
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Fig. 8 - (a) TOC removal efficiency, the detected concentrations of Cl- and F~, Experimental condition: 10 mg/L FLO and 1 
mmol/L PMS. (b) recycle performance of 3DP MoS2-SS towards FLO degradation. (c) Removal efficiency of various organics in 
3DP MoS,-SS/PMS system. Experimental condition: 10 mg/L organics and 1 mmol/L PMS. 


only decreased from 98.69% to 80.1% by 3DP MoS,-SS. Obvi- 
ously, the result indicated that MoS,-SS fabricated by 3D print- 
ing method possessed superior stability toward FLO degra- 
dation compared with MoS»-SS powder. Moreover, iron oxide 
and hydroxide would be inevitably formed on the catalyst sur- 
face during the treatment process, resulting in the low reac- 
tivity toward organics degradation. 3DP MoS,-SS would main- 
tain excellent degradation performance to FLO after a sim- 
ple acid-washing process, implying that 3DP MoS,-SS has a 
good practical application prospect in wastewater treatment. 
To comprehensively evaluate the applicability and safety of 
3DP MoS,-SS, the concentration of metal ions in the solutions 
after treatment were detected by ICP-MS analyses. As shown 
in Appendix A Fig. $12, the dissolved concentrations of Cr, Fe, 
Mn, Mo and Ni were 0.03, 0.17, 0.03, 0.06 and 0.01 mg/L, respec- 
tively, which were lower than the drinking water ordinance 
limit of world health organization. Therefore, it was safe to 
utilize 3DP MoS-SS massive catalyst for the FLO-polluted wa- 
ter treatment. In addition, the removal performance of vari- 
ous organics (i.e., 2-CP, ACT, IBP and CBZ) in 3DP MoS,-SS/PMS 
system were conducted (Fig. 8c). The degradation efficiency 
of 2-CP, ACT, IBP and CBZ were 98.1%, 87.8%, 81.9%, 95.4%, 
respectively. The abovementioned results demonstrated that 
prepared 3DP MoS)-SS in this study could be widely applied 
for PMS activation and the treatment of aqueous various or- 
ganics. 


3. Conclusion 

In this study, a novel MoS,-SS composite material was syn- 
thetized via a 3D printing method. Compared with MoS,-SS 
powder, 3DP MoS)-SS achieved superior utilization of active 
sites for PMS activation and FLO degradation, and the calcu- 
lated kpio/Sper of 3DP MoS,-SS (1.60 g/(m?/min)) was 4.3-fold 
than that of MoS)-SS powder (0.37 g/(m?/min)). The doping of 
MoS, facilitated the electron transfer rate and provide more 
active sites, and The kro increased from 0.00382 to 0.20445 
min~! as the MoS, content increased from 0 to 10%. In addi- 
tion, Mo*+ could provide electrons for the cycle of Fe?+/Fe+. 
Quenching experiments and EPR measurement indicated that 
°OH, SO,*~, Ope and 10, were involved in the degradation 
of FLO. Various influencing factors such as initial PMS dosage 


and pH value were optimized, and the optimized degradation 
efficiency of 98.69% was achieved at 1 mmol/L PMS and pH 
of 3.0. In addition, the possible degradation pathways of FLO 
were proposed to be the cleavage of C-N bonds, dechlorina- 
tion, hydrolysis, defluorination and hydroxylation. 3DP MoS)- 
SS could maintain superior catalytic performance toward PMS 
activation and organics degradation after a simple acid wash- 
ing. Overall, this study demonstrated that 3DP MoS)-SS could 
efficiently activate PMS for organics degradation relative to 
MoS,-SS powder and provided an understanding of Fe-based 
catalyst prepared by 3D printing for the treatment of aqueous 
organics. 
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